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SUMMARY 

There are environmental and social advantages in using 
solid waste as industrial fuel in preference to sanitary 
land fill and incineration disposal. In general terms, 
technical and economic feasibility is promising; however, 
each potential situation must be examined on a site- 
specific basis. Criteria for industrial plants which 
favour use of sol id waste as fuel include: 

- a minimum heat requirement of about 100,000 BTU per 
hour 

- high cost and short supply of conventional fuels 

- limited seasonal variation for fuel use 

- plant locations in heavy industrial areas near major 
population centres 

- employment of relatively complex production technology 

Industries which generally meet the above criteria have 
capacity to utilize perhaps 20 million tons of solid waste 
per annum. In comparison, current waste generation Is about 
7 million tons per annum for all of Ontario and about 2 
million tons for metropolitan Toronto. Replacement of con- 
ventional fuel, equivalent to 7.500 barrels of oil per day, 
is a reasonable goal for Ontario, Clearly, use of solid 
waste as Industrial fuel could be a major feature of provin- 
cial waste management strategy. 
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While technology for combustion of solid waste Is Tn a com- 
paratively early stage of development, feasible systems 
for industrial application are available. Assessment of the 
state-of-the-art indicates that refuse derived fuel (RDF), 
incineration with heat recovery and pyrolysis/gasification 
can be employed. The optimal technical and economic approach 
is dependent upon the characteristics of each case and varies 
significantly from situation to situation. 

A focus of this study was on the emerging technology of 
pyrolysis/gasification. A pragmatic state-of-the-art assess- 
ment indicates that five systems are commercial or are 
likely to become commercial during 1977- The features of 
these five systems are significantly different and selection 
of the optimal system is dependent on the characteristics 
of the specific case. 

It is recommended that promising situations for use of solid 
waste as industrial fuel be identified and technical and 
economic feasibility be examined for one or more cases. 
Further, it is recommended that market and feasibility 
studies be carried out to assess the potential for use of 
RDF as a prime or supplementary fuel for industrial coal- 
fired boilers. 
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1 .0 



INTRODUCTION 



During the last several years, prices of prime petroleum 
fuels, natural gas and fuel oil^ have increased rapidly and 
limitations of domestic petroleum reserves have become 
apparent to a wide sector of the public and industry. This 
trend provides impetus to industry to search for lower cost, 
more available fuels, such as coal and solid waste. Utiliz- 
ation of sol id waste as fuel not only conserves scarce 
energy resources but also could contribute to a solution for 
a difficult environmental problem - disposal of solid waste 
generated by residential communities, commercial establish- 
men ts and industry. 

To date, planning and Implementation of projects for re- 
covering material and fuel values from solid wastes has 
centered on public agencies and has emphasized large central 
plants serving populations of greater than 400,000, processing 
perhaps 1000 tons of solid waste per day. There are, 
however, potential advantages which might be realized If 
smaller scale facilities associated with industrial plants 
were constructed. Advantages of this approach Include: 

- The location of industrial plants is often appropriate 
for a solid waste d i sposa 1 /u t I 1 i za t I on facility with 
respect to transport, land use and environmental 

considerations. 

- Typical industrial boilers or direct~flred process units 
have capacities in the range of 100 to 200 million 
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BTU per hour. To meet a heat requirement of this size, 
350 to 700 tons of solid waste per day, generated by 
a population of 200,000 to ^00,000, is required. A 
volume of this magnitude is often not considered viable 
for a regional incineration facility. 

- Corrosion problems arising from combustion of PVC 
plastic materials contained in solid waste can be reduced 
if steam generation temperatures are maintained below 
't25 C (800 F) . Industrial boilers generally operate 
below this critical temperature, while to maximize 
thermal efficiency, utilities almost alv/ays generate 
steam at higher temperatures. 

- Industrial fuel requirements for process energy are 
relatively constant on an annual basis. It is more 
difficult to integrate solid waste fired facilities 
with central heating and cooling systems due to sub- 
stantial annual variation. 

- Industrial p roces s -p 1 an t staff have the technical 
skills required for operation and maintenance of 
complex solid waste conditioning, material recovery 
and combustion systems. 

Use of solid waste as industrial fuel is constrained by 
technical limitations of energy conversion systems and high 
capital costs. During recent years, substantial research 
and development efforts in North America, Europe and Japan 
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have been focused on these problems. It is considered that 
systems capable of reliable and controlled operation using 
heterogeneous solid waste with varying heat values and physical 
characteristics, operating In accordance with governing 
environmental standards, are now developed to the point 
where they can be considered for commercial industrial 
applications. 

This study comprises an overview of the potential for utilizing, 
solid waste as an industrial fuel, considering current technical 
and economic factors. Analysis focuses on new technology, 

in particular py ro 1 y s i s/gas i f i ca t i on systems capable of 
converting mixed waste materials to fuel gas and non- 
combustible residue. Other more conventional approaches, 
incineration with heat recovery and combustion of refuse 
derived fuel (RDF) in existing boilers, are also assessed. 

A definitive analysis of feasibility Is only possible 
for a site-specific case. The objective of this overview 
study was to assess the value of undertaking a s I te-s peel f I c 
study or studies and to provide basic analysts of technical 
and economic factors governing selection and evaluation of 
industrial applications for using solid waste as fuel. 
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2.0 



POTENTIAL FOR UTILIZATION OF SOLID WASTE AS 
INDUSTRIAL FUEL 



2. 1 



General 



Assessment of potential for use of solid waste to replace 
conventional industrial fuels is facilitated by examining 
statistics on fuel requirements of Ontario manufacturing 
industries. Data compiled by the Ontario Statistical Centre 
shows 1972 consumption of fuel oil, natural gas and coal 
by some 12,500 establishments employing almost 800,000 
people, as being roughly equivalent to the energy available 
from burning kl million tons of solid waste. This compares with 
the estimated municipal solid waste generated in the province 
of approximately 7 million tons (197^), of which almost 
2 million tons originates in metropolitan Toronto. 

If 2 million tons of solid waste were used each annum, the 
reduction in consumption of our scarce conventional fuels 
would be equivalent to approximately 7,500 barrels of oil 
per day . 

Total industrial fuel consumption and consumption of 
selected industries for the year 1972 are summarized in 
Table 1 . . 



Abbreviations used in this report are listed in Appendix 1 
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TABLE 1 

FUEL CONSUMPTION OF SELECTED ONTARIO INDUSTRIES, 1972 



S IC 
Class Ca tego ry 



All Industries 

Selected Industries 

1 62 Rubbe r Products 

291 I ron and Stee l''< 

323 Motor Vehicle MFrs. 

325 Vehicle Parts Mfrs. 

35 1 CI ay Products 

352 Cemen t Mfrs, 

356 Glass Mfrs. 

358 Lime Mfrs. 

373 industrial Cliemicals-.'- 

Total Selected Industries 



Fuel Oi 1 

(Mil 1 ion 

I Gal) 

665 



Natural 

Gas Coal 

(Million {Thousand 

MCF) Tons) 



228 



1,207 



20.it 


2.3 


T.3 


85.9 


30.9 


_ 


16.6 


^.5 


105.8 


12.6 


6.7 


34.8 


1.8 


it. 5 


- 


ill. 6 


8.9 


138.2 


1. 3 


10.3 


.2 


11.3 


3.6 


28.6 


105.6 


3k. B 


^k.h 



297 



107 



323^ 



Source: Reference 1 (see references as listed in Appendix 
2). 

" Coal or natural gas used as a process raw materia] is not 
included in the above values. 

*" Two major coat users not included among the selected 

industries, because of typical non-urban plant locations 
a re : 

SIC 271, Pulp and Paper - 295,000 tons/annum 

SIC 295, Smelting and Refining - 5^*5,000 tons/annum 
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The potential for waste utilization varies greatly from 
industry to industry. In qualitative terms, criteria 
wh i cli contribute to the likelihood of using solid waste 
for fuel include: 

- Relatively high fuel volume requirement per establish 
ment or plant - a minimum of 100,000 BTU per hour, 
which can ba obtained from 350 cons per day or about 
115.000 tons per annum of solid waste. 




High cost and short supply of conventional fuels - 
natural gas, oil and coal. 

Use of fuel for process energy, rather than for space 
heating, thus limiting seasonal variance. 

Plant locations in heavy industrial areas near major 
population centers.' 

Employment of relatively complex production tech- 
nology, thus providing a source of technical capability 
required for operation and maintenance of systems 
to convert solid waste to useful energy forms. 



2.2 



Selected Industries 



Several industry classifications may be identified as having 
high potential for using solid waste as fuel. The industries 
segregated in the accompanying tables have been arbitrarily 
selected, based on the above criteria. The potential for 
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replacement of oil, gas and coal by these industries is 
indicated by Tables 2, 3 and h. 



TABLE 2 

POTENTIAL FOR SOLID WASTE UTILIZATION BY 

SELECTED ONTARIO INDUSTRIES 



S \C 

Class Category 

All Industries 

Selected Industries 



162 Rubber Products 

291 Iron and Stee 

323 Motor Vehicle 

325 Veh i cl e Parts 

351 Clay Products 

352 Cemen t Mf rs . 
356 Gl ass Mf rs. 
358 Lime Mf rs . 
378 Industrial Ch 



Total Selected Industries 



Thousand Tons/Annum 



i 1 and 
Natural Gas Coa T 
Replacement Replacement 



42,500 



4,500 



Total 



47.000 



s 


720 


5 


725 




5,700 


-- 


5,700 


Mf rs . 


910 


400 


1,310 


Mf rs. 


1 , 100 


130 


1 ,230 




600 


-- 


600 




2,000 


500 


2,500 




1 ,300 


-- 


1 ,300 




590 


1 \Q 


800 


m i ca 1 s 


6,600 


55 


6,655 



19,600 



1 ,200 



20,800 



Source: Reference 1 
Sased on : 



1 . Fuel Oil: 170,000 BTU/1 Gal 

2. Natural Gas; 1,000 8TU/cu.ft 
3- Coal : 15,000 BTU/lb 

4. Solid Waste: 4,000 BTU/Ib 
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TABLE 3 

POTENTIAL FOR WASTE UTILIZATION 

RELATED TO ESTABLISHMENTS AND EMPLOYEES 



S I C 
C 1 a s 5 



Categories 



All Industries 

Selected Industries 

162 Rubber Products 

291 I ron and S tee I 

232 Motor Vehicle Mfrs. 

325 Vehicle Parts Mfrs. 

3 51 Clay P roduc ts 

352 Cement M-rs. 

356 Glass Mfrs . 

358 Lime Mfrs . 

373 Industrial Chemicals 

Total Selected Industries 



No. of 

Es tab . 

12,600 



Annual Was te 
^QQQ Disposal Potentia 

Emps . 1000 Tons/Estab. 



788 



57 


^S.k 


17 


36.8 


9 


3'*.6 


165 


hk.S 


62 


2.6 


6 


1 .2 


50 


7.1 


6 


A 


62 


10.9 



3.8 



434 



154 



12 

335 

145 

7 

9 

417 

26 

133 

107 

48 



Source 



Reference 1 
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TABLE k 

FUEL CONSUMPTION BY APPLICATION FOR 

SELECTED ONTARIO INDUSTRIES 



S IC 
Class 



Ca t agor f es 

All Industries 



Selected Industries 

162 Rubber Products 

2 91 I ron and Steel 

323 Motor Veh i c 1 e Mf rs . 

325 Vehicl e Parts Mf rs. 

351 C 1 dy Products 

352 Cement Mi^rs. 
356 Glass Mfrs. 
358 Lime Mfrs. 

378 Industrial Chemicals 

Total Selected Industries 



I Consumpt ion 



Total Fuel Use 
(IOI2 BTU/ 
Process Heat i n g - Power ann mn) 



70.9 



76. 

^7 

23 

89 
9^ 

96 

71 



7^.7 



23.7 



12.9 

13.8 

52.6 

76.7 

10. 1 

5A 

5.2 

3.2 

e.k 

15. A 



5.k 



2 

9. 



21 .8 



9.9 



5.82 



^5 


56 


10 


1 1 


9 


87 


4 


78 


19 


59 


10 


50 


6 


29 


55 


0^ 



168 



* Includes space heating and heating of make-up air 



Source; Ontario Ministry of Energy 
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Generally these industries use fuel predominantly for pro- 
cess energy rather than for space heating, are located in 
major urban areas, and each establishment is of a relatively 
large size. The forest industry, one of the largest energy 
cons'jners in the province, has not been included among the 
selected indjstrfes because the large majority of plants 
are located in areas with low population density, and wood 
waste, hog fuel, is a more attractive replacement for con- 
ventional fuels than would be solid waste. 

On an aggregate basis, the potential to utilize perhaps 
20 million tons of solid waste per annum easily exceeds 
the availability of waste material. Thus, consideration 
of solid waste as an industrial fuel is a relevant topic 
and clearly warrants attention. 

Technical and economic feasibility cannot, however, be 
established on a general basis. The characteristics of 
each potential application - average fuel requirement, 
seasonal variance, location, technical requirements and 
cost of competitive fuels - are unique and vary sub- 
stantial I y . 



2 . 3 Technical Constraints 

A major portion of the fuel used by industry Is for gener- 
ation of steam. For this application, conventional tumbling 
grate or sem i - s uspens i on incinerators with heat recovery, 
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refuse derived fuel (RDF) in coal-stoker type boilers, 
and more sophisticated py ro 1 y s i s/ga s i f i ca t i on systems may 
be employed. The selection of the most appropriate 
system is a question of technology, scale and economtcs. 

Other applications, where the process is direct fired , such 
as cement and 1 ime ki Ins, pose a more difficult problem. 
For these cases, fuel characteristics, moisture and ash 
content, s to i cho imet r i c flame temperature, excess air re- 
qulrament and combustion gas volume and composition, may 
have a significant and possibly detrimental affect on pro- 
duction voluire and quality. Direct firing applications 
may require extensive preparation of RDF - drying and re- 
moval of non-combustibles. Alternatively, pyrolysis/gasif- 
ication systems which produce a clean, dry fuel gas with 
a relatively high BTU value may be suitable. 

The requirement to meet air emission environmental 
standards also poses technical limitations. Because solid 
waste is a highly variable, high moisture content, high 
ash material, maintenance of stack emission standards is 
substantially more difficult and costly than with better 
fuel s . 



2 . k Constraints Limiting Solid Waste Fuel Application 

Several limitations impinge on potential to utilize solid 
waste as an industrial fuel: 
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- High capital and operating costs. 

- Technical problems. 

- Constraints, legal and political, on possible contract- 
ual conditions between municipal agencies and private 

i n dus t ry . 

The first two limitations are, of course, related. Con- 
siderable effort is currently being devoted to development 
of improved technology for utilization of solid waste as 
fuel. This research and development should contribute to 
cost reductions in real terms, as well as enhancing tech- 
nological feasibility. Of possibly even greater significance 
in enabling economic feasibility is the steadily increasing 
cost of conventional fuels. The fuel value of municipal 
solid waste (MSW) is related to costs of conventional fuels 
in Tab 1 e 5 • 
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TABLE 5 

VALUE OF SOLID WASTE AT SELECTED COSTS 

FOR ALTERNATIVE FUELS 



Unit 1972 1976 1980 



$/Barre I 


k 


.20 


12 


00 


18 


00 


$/MBTU 




.70 


2 


00 


3. 


00 


$/Ton 


5 


.60 


16 


.00 


2k. 


00 



Fuel Oil 

Typ i ca 1 Cost 
Un i t Cost 
MSW Value 

Natural Gas 

Unit Cost $/MBTU .57 l.'iO 3. 50 

MSW Value $/Ton . 4.56 11.20 28.00 

Coa I 



Typ i ca 1 Cost 
Unit Cost 
HSW Val ue 



$/Ton 


18. 17 


50.00 


65.00 


$/MBTU 


.62 


1.66 


2.15 


$/Ton 


5.00 


13.30 


17.30 



Based on: 1. Same unit fuel values as Table 2. 

2. Costs for 1972 from Reference 1. 

3. Envirocon estimate for 1976 and 1980. 

4. All costs expressed in current dollars. 

It is very likely that the present trend for increasing fuel 
cost, particularly for premium fuels such as natural gas, to 
increase in real terms (deflated dollar costs) will con- 
tinue. Thus, the economic feasibility of using solid waste 
for fuel will be more favourable in the future. 

Legal and political constraints which may Impede or limit 
contractual agreements required for industry to use publicly 
collected solid waste could be important. Nevertheless, 
it is considered that if social benefits are significant, 
such limitation can be overcome and a specific assessment 
is not necessary or appropriate for this overview analysis. 
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3.0 



PYROLYS I S/GAS ! Fl CATI ON 



3-1 



S ts t e-of - t he-Art 



As indicati'.d in the Introduction a focus of this study 
has been on pyrolysls/gaslfication (P/G) systems which 
convert solid waste into a fuel gas of varying quality 
and a solid residue. P/G systems have potential advan- 
tages over alternative approaches for conversion of 
solid waste to useful energy. The principal advantages 
a re : 

F 1 ex i b i 1 i ^ y , Adequately treated fuel gas can be used 
for a variety of applications, including steam generation, 
conversion of existing gas/oil boilers and direct firing 
of process heaters, dryers and cement and lime kilns. 

Con f o TjT^a n ce with Environmental Standards . Stack emissions 
from conventional combustion units operating on solid 
waste are difficult to treat and control to conform v^/ith 
emission standards. P/G fuel gas can be conditioned 
prior to combustion and the resultant products are com- 
parable to flue gases from natural gas combustion. The 
ash produced by P/G systems is only a small volume of 
the incoming refuse and land-fill disposal presents far 
fewer problems to avoid environmental damage. 

Sea 1 e . P/G systems, which can be charged with raw or 
only partially treated waste, could be economically 
feasible at relatively low capacity ratings - 300 to 
^lOO tons per day. (Some P/G systems embody substantial 
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economies of scale and likely will only be feasible at 
operating rates exceeding 1,000 tons per day.) 

The budget for this study did not provide for a systematic 
search of the pertinent literature. Nevertheless, a wide 
range of publ ications and corporate data vias reviewed and 
the analysis is a practical and complete assessment of the 
state-of-the-art. 

It is considered that five P/G systems are currently 
available on commercial contractual terms or will be so 
available in the near future. These are identified below 
and are more fully described and compared in succeeding 
sections. 

Andco-Tor rax . High temperature, slagging, ve r t i ca 1 -s ha f t 
unit; produces inert frit and h i g h- t empe ra t u re , low-BTU 
gas best suited for close coupled steam generation; 
requires very limited solid waste (front end) preparation; 
three commercial units under construction. 

Monsanto EnvJro-Chem . High temperature, rotary kiln 
system; produces char/ash sludge and h I gh - t empe ra tu re , 
low-BTU gas best suited for close coupled steam 
generation; requires moderate front end preparation; 
1,000 ton per day demonstration plant Is in operation. 

Moo re Pov^e rga s . Low temperature vertical reactor unit; 
produces dry inert ash and 1 ow- temp e ra tu re , low-BTU gas 
suited for direct firing as well as for close coupled 

steam generation; requires moderate front end preparation; 

■ \ 
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200 ton pe- day demonstration plant operated on woodwaste 
started up in April 1976. 

Occidental Research . Entrained flow reactor; produces 
synthetic oil and high ash char; requires extensive 
front end preparation; 200 ton per day demonstration 
plant scheduled for September 1976 start-up. 

Union Carbide . High temperature, slagging, vertical 
shaft unit; blown with oxygen; produces inert frit and 
1 ow- t empe ra t u re , medium-BTU gas well suited for direct 
firing as well as for close coupled steam generation; 
requires moderate front end preparation; 200 to 300 ton 
per day demonstration plant in operation since early 1975- 

Several other firms have developed or are developing P/G 
systems. It is considered, however, that these systems are 
not currently available for commercial application and that 
timing for commercial application is less certain than 
for the five selected systems. These systems include: 

CIL Environmental Improvement Business Area, Toronto . A 

25 ton per day pilot plant is scheduled to be put into 

operation in mid-April 1976. Utilizes fluidized bed 
reac tor. 

Alberta Industrial Developments Ltd., Edmonton . A 50 
ton per day pilot plant, previously operated at Edmonton, 
is being relocated to Wisconsin. Company reports that 
several other plants are to be constructed in Oregon and 
California to operate on hog fuel. Design is based on 
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flutdized bed technology developed by British Colurnbia 
Resea rch . 

Tech-Air Corporation, Chamblee, Georgia . (American Can 
subsidiary). Operate a very small pilot plant in Georgia 
producing char, oil and gas by pyrolysis of woodwaste. 
Not yet prepared to sell on commercial basis, except 
possibly very small units. 

Coors Brewery, Denver, Colorado . Operated a one ton 
per hour fluidlzed bed unit for several years. Unit 
is now shut down and firm has no plans to develop or 
ma rkeC . 

Battalle Pacific Northwest Laboratories, R i ch 1 and , Wa s h t ng ton 
Operated a 2.5 ton per day pilot plant during 1972 under 
a program funded by the City of Kennewick, Washington, 
EPA and Battelle. Tests provided good indication of 
success, but no subsequent development work has been 
undertaken or is planned. Concept is very similar to 
that employed by Moore Pov/ergas. 

Several other firms have or are developing P/G technology, 
but available information is limited and attempts to 
contact these firms were not successful. It is believed 
that several of the firms, listed below, are no longer 
active. 



* Data and observations are well summarized in Reference h. 
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Syngas Recycling Corp., Toronto, Ontario 
American Therinogen Inc., College Point, N.Y. 
Hercules Incorporated, Wilmington,' Delaware 
Pyrotechnic Industries Ltd., Cochrane, Alberta 
Pyrolysls Systems, Riverside, California 

The technical characteristics of the five P/G systems 
considered co be commercial or nea r- comme re i a 1 are 
discussed more fully in the following sections. 



3.2 And cQ-To r rax 



Development of the P/G system was initiated in I969 
jointly by Andco Inc. and the Carborundum Company. A 
pilot plant with a capacity of 75 tons per day was put 
into operation at Orchard Park, N.Y. in mid-1971- 
Development has been funded privately and by the U.S. 
Environmental Protection Agency. In Canada, the system 
is marketed by Andco-Torrax Limited of Burlington, 
Ontario. 

In addition to the pilot plant, Andco-Torrax has three 
systems under construction in Europe. 

Capacity Scheduled 
( tons/day) 5 ta r t-Up 

Luxembourg 200 mid 1976 

Grasse, France I70 late 1976 

Frankfurt, Germany 200 late 1976 
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The key cornponent of the Andco-Torrax system Is a vertical 
shaft gasifler similar in structure to a cupola furnace. 
Drying, pyrolysis, gasification and combi>5tion reactions 
are carried out concurrently in this unit. 

Untreated solid waste is charged directly into the top 
of the reactor, which is operated at a slight negative 
pressure to obviate the need of a feed air lock. A' r 
partial seal is provided by the descending plug of solid 
waste. Preheated 11 00°C (2000°F) air Is supplied to 
the base of the reactor to maintain the combustion zone 
at a temperature of about 1650°C (3000°F). At this 
temperature non-combustible materials are transformed 
to molten slag which Is continuously tapped and water 
quenched to produce a black, glassy frit. The gases 
from partial combustion of the solid wastes along with 
distilled volatiles and hydrogen and carbon monoxide 
produced by gasification of fixed carbon are drawn off 
at a latern section at the mid-section of the reactor. 

The fuel gas mixture, at a temperature of about 450 C 
(800 F) , containing significant quantities of water 
vapour, tar and particulates, has a heating value 
of about 100 BTU per cu ft. in the standard Andco-Torrax 
system this hot fuel gas is mixed with the required com- 
bustion air and burned in a secondary combustion chamber. 
Temperature, turbulence and residence time are sufficient 
to burn the tars and combustible particulates. A large 
portion of the inert material is also fused and mechan- 
ically separated from the hot gas stream in this 
secondary chamber. 
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The major portion (35 percent) of the combustion products 
is directed to a waste heat boiler to generate three to 
four pounds of steam per pound of solid waste. A side 
stream is used to heat the combustion air required for 
the gasification reaction. Following the waste heat boiler, 
the combustion products are directed to an electrostatic, 
precipitator to remove remaining particulate. 

A complete description of the equipment and process is 
contained in Reference 2. The Andco-Torrax and other 
principal P/G systems are compared in Appendix 3- 

While the A.idco-Torrax unit has potential to produce 
low-BTU fuel gas for direct firing applications, develop- 
ment to date has emphasized integration with a specialized 
c 1 ose- coup 1 ed steam generator. To permit firing the fuel 
gas in conventional gas burners, tars, particulate and 
water vapour must be removed- This requires cooling the 
hot off-gases and substantially reduces system thermal 
efficiency. It is possible that modification of the 
gasifier configuration and operation could produce a 
cooler, cleaner gas and Andco-Torrax may in the future 
elect to develop a modification of the existing system 
better suited for production of fuel gas. 

Andco-Torrax are prepared to enter into a typical commercial 
contract for system supply- Front end treatment requirements 
are limited and reactor size will be a maximum of about 
'fOO tons per day. Economies of scale are somewhat limited 
and a capacity of 200 to 'tOO tons per day could be econom- 
ically attractive and well suited for industrial application 
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3 . 3 Honsanto Enviro-Chem 

The "Landgard" system of Monsanto was developed over a 
tvvo year period using a 35 ton per day plant located at 
St. Louis. More recently, a 30 ton per day plant was 
constructed by a licensee, Kawasaki Heavy Industries at 
Kobe, Japan. In 1973, Monsanto commenced construction 
of a 1000 ton per day demonstration plant funded by the 
City of Baltimore and the U.S. Environmental Protection 
Agency . 

The Baltimore demonstration plant, completely described 
In Reference 3, features a ref r actory- 1 I ned , horizontal, 
rotary kiln gasifier. Partially shredded waste, minus 
four inch particle size. Is conveyed from storage to the 
feed end of the 19 foot diameter by 100 foot kiln. 
Combustion air along with 7.1 gallons of No 2 oil per 
ton of waste is directed to the firing end of the kiln 
to pyrolyze and partially combust and gasify the waste. 
Gasification is not complete and the residue Is about 
25 percent carbon char by weight. Total residue is about 
32 percent by weight of the waste feed. The off-gases 
arc combusted In an afterburner and directed to a waste 
heat boiler where approximately 2 . ^i lbs of steam is 
generated per lb of waste. 

A scrubber following the boiler removes particulate. 
Performance, however, Is not adequate to conform with 
required emission standards and an electrostatic 
precipitator is to be installed at the Baltimore plant- 
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Inability to control off-gas temperatures Is the key to 
relatively major problems which have been encountered. 
Gas temperature is running at 300 C (1500 F) rather than 
the 650 C (1200 F) design value. Increased particulate 
loadings and ash handling problems result from the higher 
gas temperature. 

The high temperature of the off-gas makes conditioning 
of fuel gas for combustion in conventional burners 
thermally FnefficienC. Furthermore, economies of scale 
inherent with a kiln reactor may limit potential of the 
Landgard system for industrial applications. A capacity 
of 1000 tons per day may be a lower limit for this 
system. 

Until such tine as mechanical and emission difficulties 
are resolved, tentatively by year end 1976, detailed 
operating data on the Baltimore demonstration plant will 
not be publicly available and the system will not be 
offered for sale by Monsanto., 



3 . h Moore l^ovfergas 

The Powergas P/G system v;as developed principally for 
wood wastes (hog fuel) rather than for municipal solid 
wastes. A pilot unit is located at Moore's plant in 
Vancouver and a 2^40 ton per day demonstration plant was 
put into operation at a sawmill In the interior of 
British Columbia in early April 1976. To date, limited 
public information Is available on the detailed 
characteristics of the Powergas system. 
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The principal features of operation are similar to a 
pilot plant operated by Battel le Pacific Northwest 
Laboratories during 1S72, as reported in Reference k. 
Hog fuel or solid waste is charged to a vertical 
refractory -lined reactor through a rotary air-lock. 
Dry ash is removed at the bottom through an ash removal, 
air-lock device and relatively cool pyrolysis and 
combustion gases are drawn off near the top of the 
reactor . 

Combustion air and gasification steam supply is controlled 
to limit tenperatures to about 1000°C (1 800 F) to prevent 
blagging of the ash. Equilibrium is established within 
the reactor such that the off-gas is withdrawn from the 
unit at about 100°C (200°F) . Addition of steam with the 
combustion air promotes the uater-gas reaction and almost 
complete gasification of fixed carbon is reported to be 
pos s i b i e . 

The heat value of the gas produced from solid v/aste is in the 
range of 150 BTU per cu ft. The relatively cool temper- 
ature of the gas makes removal of water vapour as well 
as particulate and tars by means of a cooler/scrubber 
technically and economically feasible. Thus, the Powergas 
configuration is suitable for producing low-BTU gas for 
firing ir conventional burners as well as for close 
coupled steam generation. 

Powergas contemplate standardizing the size of the reactor 
at about 10 ft diameter by 30 ft high and anticipate a 
reactor capacity of approximately 120 tons per day on 
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hog fuel or TOO tons per day on solid wastes. The 
Battelle studies indicate this to be a conservative 
estimate. It is also anticipated that limited conditioning 
of the raw v/aste will be required before charging to the 
reactor. These features make the Powergas system well 
suited for industrial applications,, 

Moore are prepared to sell the system on commercial or 
near-commercial terms. Clearly, however, until the 
demonstration system currently being operated on hog 
fuel Is proven and until other systems are operated on 
solid waste, there would be a technological risk 
associated with such a contract. 



3.5 



Occidential Research (previously Garrett 
[Research and Development) 



The Occidental Research process differs substantially 
from the other P/G systems with respect to both the 
reactor configuration and the fuel product. Finely 
shredded waste is pyrolyzed and gasified in a concurrent 
flow, entrained bed, reactor to produce pyrolytic oil. 
Low-BT(J fuel gas and char Is also produced which Is 
recycled for process heat. There is a surplus of high 
ash char which must be sent to land-fill. 

Approximately 0-9 barrels of pyrolytic oil with a heat 
value of about 76 percent of the heat value of Bunker 
C oil are produced per ton of solid waste. This oil 
can be stored and utilized in conventional oil fired 
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units although certain special operating procedures must 
be emp 1 oy ed . 

The entrained flow reactor requires that solid waste 
material be very finely sized - minus 1 't. mesh. To 
accomplish this, Occidental has developed a complex feed 
preparation subsystem utilizing two-stage shredding and 
providing for recovery of ferrous and non-ferrous metals 
and glass. 

A 200 ton per day demonstration plant is currently under 
construction in San Diego, This plant, scheduled for 
start-up in late 197o, is described in detail In Reference 
5- Occidental anticipates being in a position to market 
pyrolytic oil plants by mid-1977- 

The complex front end and gasification reaction with 
associated economies of scale tend to make this system 
most suitable for large operations, a minimum of 1000 
tons per day. Furthermore, the flexibility provided by 
production of an oil fuel which can be stored and trans- 
ported reduce the requirement to closely integrate solid 
waste processing with the energy user. The Occidental 
pyrolysis system Is considered to have limited potential 
for direct industrial application. 



3 . 6 Union Carbide 

The "Purox" P/G system developed by Union Carbide features 
a vertical shaft reactor operating in a slagging mode at 
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1650 C (3000 F). Heat for drying, pyrolysis and gasifi- 
cation is supplied by combusting a portion of the waste 
in the reactor using industrial oxygen. 

By using oxygen rattier than air for combustion, the 
reactor heat balance is such tiiat the off-gas Is with- 
drawn at a temperature of about 100 C (200 F). Thus, it 
is feasible to utilize a s cr ub be r /coo 1 e r for conditioning 
of the fuel gas. Furthermore, by using oxygen rather 
than air, nitrogen content of the fuel gas is negligible 
and the heat value of the gas is in the medium-BTU range 
- 350 BTU per cu ft. The gas is suitable for synthesis 
of products such as methanol and ammonia as well as for 
fuel. 

Waste must be shredded and it is anticipated that ferrous 
metals would be removed prior to charging to the reactor 
via a double gate air-locl<. Non -combu s 1 1 b1 es are contin- 
uously removed as slag and water quenched to produce 
inertfrit. 

A 200 to 300 ton per day demonstration plant has been 
operated at South Charleston, West Virginia since 197^-: 
This plant is described in Reference 6. Union Carbide 
has established a standardized reactor size of about 
12 ft diameter by 30 ft high, similar to the South 
Charleston unit, and project a capacity for a commercial 
unit of 350 tons per day. To ensure guaranteed operating 
rates, a standby reactor is envisaged. 
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While reactor capacity is favourable for relatively 
small plants;, economies of scale associated with 
oxygen production tend to make the feasibility of 
plants v/ith capacities of less than 700 tons per 
day uncertain. In some cases, however, It may 
be feasible to integrate oxygen production with 
other operations to overcome size/cost penalties. 



Although Union Carbide does not have a unit In commercial 
operation, it Is prepared to enter into contracts, 
which provics operating and cost guarantees, for supply 
and operation of the Purox system. 



3 . 7 P/G System Summary 

The status of the five principal systems with respect 
to commercial application is summarized as follows. 

Andco-Torrax . System essentially proven for close- coupled 
steam generation but not well suited for production of 
low-BTU gas for direct firing applications such as cement 
or lime kilns. Economic feasibility of relatively small 
systems - 200 to 'tOO tons per day - Is promising. Three 
commercial systems are under construction and firm will 
enter into typical industrial contracts. 

Monsanto Envi ro-Chem . Best application is for 
large systems - 1000 plus tons per day - with close 
coupled steam generation. Until operating problems of 
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Baltimore demonstration plant are resolved, late 1976 
at the earliest, Monsanto will not sell system on 
comme re i a 1 basis. 

Moo re Powe rga a . Produces cool low-BTU gas suitable for 
combustion with conventional burners. Providing only 
limited conditioning of solid waste is required prior 
to charging to the reactor, relatively small scale 
plants should be feasible. A demonstration plant, 
operating on wood waste, started-up in April 1976 and 
operating experience is very limited. Satisfactory 
operation of a demonstration plant, charged with MSW, 
is a requisite before the system can be considered 
for general co.nmercial application. A schedule for 
construction of such a plant has not yet been established 

Occidental Research. Complex front end and pyrolysis 
process make this system suitable only for large regional 
installations. In any case, since product is a synthetic 
oil which can be stored and transported, there is limited 
advantage for integration with industrial plants. System 
will not be available for commercial application before 
mid-1977. 

Union Carbide. System Is quite well proven at South 
Charleston demonstration plant and is now being offered 
by Union Carbide under commercial contractual terms. 
Technology is most appropriate of any of the systems 
developed to date for production of medium-BTU gas for 
direct firing or chemical feedstock. Economies of scale 
associated with integrated oxygen plant will tend to 
make system suitable only for relatively large scale 
operations - 700 plus tons per day. 
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k.O INCINERATION WITH HEAT RECOVERY 

Conventional tumbling grate or semi-suspension solid waste 
incinerators can be used to recover energy from sol id waste 
in the form of steain. Several incinerators with heat 
recovery have been constructed in Canada during the last 
fivii years. Features of these installations are compared 
be 1 ow , 



S team 
Units/Unit Generation 
Year in Type of Capacity Capacity 
i-ocat i on Service Fi ring ( tons/day) ( 1 0OP 1 b/h r) 

Montreal 1971 Tumbling h at 300 400 

Grate 



Ham i 1 ton 1 972 Semi - 

Suspens ion 



2 at 300 210 



Quebec City 197'+ Tumbling 4 at 250 325 

Grate 



The Montreal and Quebec City plants employ tumbling grates 
of European design (Von Roll). Raw solid waste is charged 
directly to the furnace by means of clam-shell cranes. 
A conventional water wall boiler configuration is used to 
generate steam. In the case of the Montreal plant only 
limited use is made of the steam for plant auxiliaries and 
district heating. The Quebec City plant produces steam 
for a nearby pulp and paper mill owned by Reed Paper. 
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At the Hamiiton plant, raw refuse is shredded to minus 
k Inch material, ferrous metal is magnetically removed and 
the solid waste is combusted in sem i -s uspens i on spreader 
stoker boilers, similar in design to modern hog fuel 
units. Steam utilization is limited to plant 
auxiliaries. 

Over itO large tumbling grate incinerator/boilers have been 
constructed in Europe during the last 10 years. Steam Is 
extensively used for district heating and in many cases 
for power generation. Greater concentration of population 
and higher fuel and power costs contribute to more favourable 
conditions for such plants in Europe than in Canada and 
the United States. While several plants have been con- 
structed in the U.S. during recent years, only three effect- 
ively recover energy - Braintree and Saugus in Massachusetts 
and Nashville, Tennessee. 

It is possible to integrate large scale incinerators with 
industrial plants. The Installation at Quebec City is a 
good example. Principal technical requirements are a 
steam load of sufficient size with limited seasonal fluctu- 
ation and sufficient operating flexibility to accommodate 
fluctuating steam supply. Large pulp and paper operations 
meet these criteria. Unfortunately, it is not common for 
such plants to be located in urban areas where adequate 
supplies of solid waste are available. For example, a pre- 
liminary review Indicates that none of the pulp and paper 
facilities located in metropolitan Toronto would be appro- 
priate for integration with a relatively large central 
incinerator. 
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Oil refineries are typically able to utilize waste gases to 
generate a major portion of process steam requirements. 
Integration of a large scale incinerator with a refinery is 
a possibility. Other potential steam users of this class 
include petrochemical, fertilizer and rubber plants. 

The conventional incinerator approach has promise for cer- 
tain industrial applications. In addition, there may be 
opportunities to employ this technology for district heating 
and cooling in central business districts or for power 
generation. In the latter case, a limit on maximum steam 
temperature to avoid boiler corrosion results in relatively 
poor thermal efficiency and increases capital costs. 

In summary, conventional incineration with heat recovery 
has limited potential for general application for Industrial 
plants but could be attractive for specific situations. The 
installation at Q.uebec City is a good example of a situation 
where this approach fits well. 
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5.0 REFUSE DERIVED FUEL 

Several systems have been developed to produce refuse derived 
fuel (RDF) from solid waste. These systems employ shredding 
followed by removal of ferrous and non-ferrous metals and 
other inerts, such as glass and stone. Additional process- 
ing may include drying and briquetting. 

Solid waste bene f i c ia t i on , production of RDF, provides a 
fuel which has substantially improved qualities over raw 
solid waste. Nevertheless, ash content is relatively 
high and application must still be limited to firing boilers 
or other systems v/hich are provided with efficient grate 
ash and fly ash handling systems. Two general approaches 
for utilization of RDF for steam production can be con- 
s i de red . 

RDF can be used as a supplementary fuel in large utility 
boilers. The Watts from Waste project which will provide 
for firing of some 1000 tons per day of RDF at Ontario 
Hydro's Lakeview Generating Station is an example of this 
approach. By limiting RDF to about 15 percent of total fuel 
input, potential problem areas such as stack gas treatment, 
grate ash removal and boiler corrosion are mitigated. 

Alternatively, It is possible to utilize RDF, in either 
fibre or briquette form, as a prime fuel in industrial scale 
boilers. The criteria for this approach are, however, 
fairly limiting. Key boiler requirements include: 
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- S p reade r- s toke r fuel feed, semi - s uspens i on or grate 
burning. 

- Efficient grate ash removal. A travelling grate Is 
desirable but a fixed grate can be used if solid waste 
feed can be interrupted during grate cleaning. This 
requires that oil or gas be used while grate cleaning 
is underway or chat steam generation can be interrupted 

- Effective particulate removal from stack gases; high 
efficiency electrostatic precipitators, high energy 

scrubbers or fabric filters. 

- Moderate steam conditions. Unless PVC plastic is re- 
moved from i^DF, boiler corrosion is indicated to be 

a significant problem at steam temperatures exceeding 
about ^25° C (300° F) . 

A typical coal-fired spreader stoker industrial boiler 
would generally conform with the above criteria. It is 
believed, however, that there are a limited number of such 
units operating in Ontario. Furthermore, many of the 
existing coal-fired boilers are located at pulp and paper 
mills, remote from major solid waste sources. Of some 
1,2 million tons of coal used by manufacturing industries 
in 1572, smelting and refining and pulp and paper mills 
accounted for almost 70 percent or 5^5,000 and 295,000 tons 
respectively. Nevertheless, there are several promising 
industrial situations where RDF could provide a significant 
substitute for coa 1 . 
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Technical limitations of RDF also impair the potential for 
using solid waste for direct firing applications such as 
cement and line kilns. While considerable research on this 
approach has been completed by others and direct firing of 
RDF ;nay be technically feasible, an adequate demonstration 
run is required to properly assess impact on production 
capacity and product quality. 

The characteristics of RDF produced by several selected 
systems along with characteristics of industrial coal and 
hog fuel are compared in Appendix 5. 
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6.0 GEMERAL FEASIBILITY FOR INDUSTRIAL APPLICATION 

6 . 1 Technical Feasibility 

All of the alternatives considered are suitable for production 
of steam. There are, however, differences in the suitability 
of the systems to generate steam at temperatures above 
425 C (800 F) , to control heat release and meet load 
fluctuations, and for application over a range of capacity. 



For direct firing applications, system technical feasibility 
is more diff'cult to assess. For some potential applications, 
such as firing of cement kilns with RDF, carefully monitored 
demonstration programs are required before the impact on 
product quality and production rate can be evaluated with 
sufficient reliability for commercial application. 

Technical feasibility of selected systems for likely applic- 
ations is illustrated by Figure 1. These ratings are essen- 
tially qualitative and technical feasibility is considered 

to include obvious uns u i tab r 1 i ty for small scale facilities. 
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FIGURE 1 

TECHNICAL FEASIBILITY FOR SELECTED APPLICATIONS 



Steam Generation 

100,000 Ib/hr max., 800°F max. 

300,000 Ib/hr plus, 800°F max. 

200,000 Ib/hr plus, 850°F plus 

Close output control 
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Application of fuel produced, assumes large central solid waste processing 
p I an t . 



S . 2 Economic F e a 5 i b M i t y 

Economic feasibility can only be rigorously assessed for a 
site specific case. Nevertheless, in order to appraise tiie 
potential for use of solid waste as industrial fuel, It is 
clearly necessary to examine economic parameters, A basic 
economic/financial analysis of two P/G systems follows in 
this section. Costs and benefits can be considered in the 
following categories; 

F i xed Co? l5 . Amortized cost of capital, property tax and 
insurance. Of these items, amortized cost of capital is 
clearly the most important. Capital costs of P/G systems 
or con'/entional incinerators lie in the range of $20,000 
to $30,000 per daily ton of solid waste processing capaci:ty. 
That is, a system of reasonable industrial size, say, 350 
tons per day producing 100 MBTU per hour, would cost $7 to 
$ 1 million. 

The amortized cost of capital for a private firm Is dependent 
upon a number of factors, Including cost of debt and equity, 
ratio of debt to equity and corporate tax position. A 
typical amortized cost of capital, appropriate for invest- 
ment in a solid waste energy recovery facility, would be 
15 percent of the capital cost per annum. The assumptions 
underlying this value and the principal of its determination 
are detailed in Appendix 6. 

Cost of property tax and insurance Is estimated at a total 
of 1.5 percent of the capital cost per annum. 
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Variable Cos ts . Supervision and labour, maintenance materials 
and supplies, power and fuel. It is likely that significant 
savings in supervision and operating and maintenance labour 
coits could be achieved by Integration of a solid waste pro- 
cessing plan I v/ith an industrial manufacturing facility. 
For developing technologies such as the P/G systems, 
accurate projection of maintenance costs is difficult until 
operaiing experience is available. An allowance of 5 per- 
cent cf the capital cost per annum is a reasonable estimate 
for maintenance labour and materials. 

Energy Value. The value of energy recovered from solid 
waste is the cost of alternative fuels. This was illustrated 
by Table 5 on page!3. For the purpose of this analysis, 
energy values ranging from S10 to $25 per ton are appropriate. 

Metals andGlass Recovery. Several of the processes examined 
include provision to recover glass and ferrous and non- 
ferrous rrietals. Analysis of Ontario solid waste material, 
included in Reference 7, indicates that the value of such 
recovered materials could approach $7 per ton of solid waste. 
For the P/G systems, considered most suitable for industrial 
applications. It is probable that only partial recovery 
of ferrous metals would be provided. For analysis, it is 
assumed that 100 lbs of ferrous metal with a value of $20 
per ton, equivalent to $1.00 per ton of solid waste, would 
be recovered. 
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6 . 3 Economic Feasibtlity for Typical Cases 

To demonstrate economic feasibility, two P/G plants have 
been selected for analysis, a 350 ton per day facility and 
a 700 ton per day facility. These alternatives have been 
selected to cetnon s t ra te economies of scale in a size range 
considered appropriate for Industrial application. In 
general terns, it is considered that economic feasibility 
is not highly sensitive to steam generation vs fuel gas 
production and it is intended that the analysis, which 
follows, would be appropriate for either case. For a specific 
case, the flexibility to convert existing boilers, kilns 
or dryers to direct firing of fuel gas produced by P/G of 
solid v/aste could be of significant advantage. 

Analysis is based on the following criteria. 

TABLE 6 

P/G SYSTEM OPERATING AND COST FACTORS 

Unit Case A Case B 



MSW Processed tons/day 350 700 

MSW Processed tons/annum 115,000 230,000 

Capital Cost $/daily ton 30,000 25,000 

Total Capital Cost $ Million 10 17.5 

Operating Manpower 15 2k 

Avg. Cost per Man S/annum 20,000 20,000 

Power Consumption KWH/ton 60 60 

Power Consumption MWH/annum 6,900 13,800 

Power Cost $/KWH .015 .015 

MobileLoaders t 2 

Loader Operation hrs/annum 2,000 if. 000 

Loader Operating Cost S/hr 20 20 
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Estimated operating costs are summarized in Table 7 

TABLE 7 

P/G SYSTE?1 OPERATING COSTS 



F i xed Costs 

Amort i zed Cost 
of Cap i ta 1 (15^) 

Property Taxes and 
insur. (l.SI) 

Iota 1 F i xed Co5 t 



Case A-350 TPD 



Case B-700 TPD 



$/Annuni $/Ton $/Annum $/Ton 



1 ,500,000 



1 50,000 



2,625,000 



263,000 



1,650,000 lit.itO 2,888,000 12.55 



Variable Costs 

Labour 

Power 

Mob i 1 e Loaders 

Maintenance iS%) 

Tota 1 Var i abl e Cost 

Total Cost 

Less Fe Recovery 

Net Cost 



300,000 

104,000 

40,000 

500,000 



480,000 

207,000 

80,000 

875,000 



944,000 8.20 1,642.000 7-15 



2,594,000 22.60 4,530,000 19.70 

1 1 5,000 1 .00 230,000 1.00 

2,709,000 23.60 4,300,000 18.70 



The net cost must be met by the fuel value plus a disposal 
charge (tipping fee). The required tipping fee vs fuel 
value is shown graphically in Figure 2. 
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FIGURE 2 

TIPPING FEE VS FUEL VALUE 
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tn so.Tie cases, incineration is currently the best available 
option for disposal of MSW. In such instances a competitive 
tipping fee would be $3 to $10 per ton. In other areas, 
convsniently located land-fill sites which conforrt with 
environmental protection requirements are available and 
competitive tipping fees could be as low as $4 to $5 per ton 

For near ter!n application it is considered that use of solid 
waste as industrial fuel will likely only be feasible in 
areas where high cost disposal options must be employed. 
Assuming $8 to S10 per ton Is a competitive tipping fee, 
the corresponding fuel cost is $1.20 to $2.25 per MBTU. 
These fuel costs are comparable to current natural gas and 
oil costs and thus it 15 evident that use of solid waste as 
fuel could be feasible in certain cases. 
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RECOMMENDATIONS 



Analyses summarized In this report indicate that use of solid 
v/aste as fuel for certain Industrial applications is tech- 
nically and economically feasible. Furthermore, there are 
environ, -nental and social advantages for this approach in 
comparison to alternatives such as incineration and sanitary 
lanri fill. Therefore, the following recommendations are 
p roposed : 

1. In selected regions, identify and characterize industrial 
plants which generally meet the criteria favouring use 

of solid waste as fuel (refer to page 6). 

2. Select one or more promising situations for site- 
specific feasibility analysis. Analysis should cover 
i nc i ne ra t i on/ s t earn generation as well as pyrolysls/ 
gasification. Preferably, site-specific studies should 
be carried out jointly by the industrial firm and appro- 
priate public agencies. 

3. In selected regions, identify and characterize industrial 
boilers suitable for utilization of RDF (refer to page 
33). 

h. Examine the feasibility of production of RDF and trans- 

port to industrial plants. 
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APPENDIX 1 

ABBREVIATIONS USED IN THIS REPORT 



BTU 

I Gal 

KUH 

MBTU 

MCF 

MSW 

MWH 

P/G 

RDF 

TPD 



British Therma 1 Un i t 

I jnpe rial Gallon 

Ki 1 lowatt-Hours 

Million British Thermal Units 

Thousand Cubic Feet 

Municipal Sol id Waste 

Megawa t t-Hou rs 

Pyrolysis/Gasification 

Refuse Derived Fuel 

Tons per Day 
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SW-75d.i, 1975. 
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APPENDIX 3 

COMPARISON OF PYROL YS I S/GAS I F I CAT 1 ON SYSTEMS 



I tern 
Ene rgy P roduc t 
Waste Preparation 
Res i due 

Char Produced * 
Mode o f Ope ra t i on 

O^ic rating Inputs 

- Aux. Fue 1 

-Powe r 

Output (based on 
9.2 MBTU/ton MSW) 

Ene rgy Ef f i c lency 
Operating Installations 



Uni t 



US Gal/ton 

KWH/ton 

MBTU 



A n d c o - 
T or rax 

Steam 

Hone 

Inert frit 

Slagging 



50 

6.6 as steam 



68 as steam 
( Andco) 



Mocisao to 
Env 1 ro- Chem 

r. team 

minus k" 

Cha r/aih 

8 

'ariial 
tj I 099 i ng 

7. 1 
67 
5.5 as s team 



51 as s team 
(ftef. 3) 



Moore 
Powe rqaS 



Fue I cja s 
minus *» " 
Ash 

Dry ash 



60 

6 to 7 as 
gas 



Occ 1 den ta I 
Re su arch 

Sy n oil 

minus I/I6" 

Char/ash 

S 

Dry ash 



135 
<t. 1 as oil 



Orchard Park**^ Baltimore 



approx. 70 39 a s o I I 
as gas (Est.) (Ref- 5) 

Clinton *** San Diego 

itiitt 1, 



Un i on 
C J r b i dti 

Fuel g.is 
minus k" 
Inert frit 

Slagging 



T20 

6.9 as gas 



66 as gas 
(Ref. 6) 

South Cha r 1 es ton 



< 



n 


3 



* Percent of input weight (carbon) 

si » Other units under construction at Luxembourg, Grassc an-l Frankfurt 

*■■■■* Started up in April 1976 

*ftftrt Under construction 



APPENDIX k 

COMBUSTION CHARACTERISTICS OF P/G SYSTEMS 



Gas Tempe nature' 



Un i t A ndco-Torr jx { 1 ) 

"f 100 



Union Carbide (2) 
120 



Hoore Powi.Tq.is (3) 
120 



Natural Gas 



70 



Volume Composition (% by volume) 

Hydrogen 

Carbon Monoxide 

Car bon iox i de 

Met hanc 

E t hane P I us 

Nitrogen 

Oxygen 

Wa t er 



12.7 


29.2 


13. 1 


ill .6 


10.1 


12. ^ 


1 .g 


3.5 


0.3 


0.9 


'•3. 2 


0.9 


1 . J 





17.^ 


u.S 



15 


7 


13 


8 


12 


2 


1 


2 





U 


'.5 


2 







1 1 


5 



90 
10 



100.0 



100.0 



100. 



100 



Calculated (Ot excess air) 

Heat Value Ct) 

Co<ribus t i on Air 

Flue Gas (5) 

Flue Gas Temperature (5) 



BTU/cu.ft. 




1 10 


ACF/KBTU 


7 


000 


ACF/MBTU 


98 


000 


"f 


3 


100 



252 

8.600 

90,000 

3.900 



102 

8,700 

103,000 

2.aoo 



10 ,800 

97 ,000 

^1,000 



Products of Combustion (Ot excess air) (% fay volume) 

Water 

Carbon D Iox Ide 

Mi t r o g e n 

Oxygen 



21 ,0 


17.9 


15.4 


21.0 


63.4 


61.1 









100. J 



100.0 



17.7 


18.3 


16.1 


9.S 


66.2 


71. *• 









100.0 



100.0 
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COMBUSTION CHARACTERISTICS OF P/G SYSTEMS 



C JS T empera t ore- 



tin i t AinJco-TorriTi t ( 1 ) 

''f Boo 



Union Carbide (2) 
120 



Hoore Powcrnas (3) 
120 



H .1 c u r <> t Gas 



70 



Volume Composition (% by volume) 

Hydrogen 

Carbon Monoxide 

C^ r ton Dioxide 

Methane 

E thane Plus 

N i t r o ij c n 

OxYQcn 

Wa tcr 



12.7 


29.2 


13.1 


'ii.C 


10. 1 


12. ii 


1.') 


3.5 


O.J 


0.9 


'•3.2 


0.9 


1 . ') 





17.-! 


11.5 



15 


7 


13 


8 


12 


2 


1 


2 





k 


V5 


2 







1 1 


5 



90 
10 



100.0 



100.0 



100.0 



1 00 



Calculated (0% excess air) 

Heat Value C*) 

Combus t i on Air 

F1l-5 Gas (5) 

rlue Gas Temperature (5) 



BTU/cu. ft. 




no 


ACF/HBTU 


7 


000 


ACF/HBTU 


98 


000 


"f 


3 


100 



252 

8,600 

90,000 

3.900 



102 

8,700 

103,000 

2,800 



sue 

10.800 

97,000 

J(.O00 



Products of Combustion (0^ excess air) {% by volume) 

Water 

Ciirbon Dioxide 

Hi I r o 9 <i n 

Oxygen 



■ Zl.O 


17.9 


15.0 


21.0 


63. -* 


61.1 









100. ) 



100.0 



17.7 


18.8 


16.1 


9.8 


66.2 


71. '* 









100.0 



100.0 



^t . Heat value includes sensible heoc of oas, ot g.is temperature KtJi:cified, plus lower healing volue of conibui t i b I cs , 
Gjs volume is at standard conditions - 25 C (TJ f) jnd I a tmoijihe re . 

5. It is assumed that combustion air would be pre-hcated to 175*'c (350°f). . Adiabatic combustion is assumed (no 
allowance tai<en for combustion unit heat losses). 

6. Higher heating value (HHV) at the reference state of 25°j^ (77 ^) on a wet gas basis. includes latent heat of 
condensation. Gas volume is at standard conditions - 25 C (77 F) and 1 atmosphere. 



3 
< 



n 


3 



APPENDIX 5 



COMPARISON OF SELECTED RDF, COAL AND HOG FUEL CHARACTERISTICS 



Processing Operation 
Mox. Particle Size 

Mo ( s tu re 

Dens i ty 

Higher Heating Value 

P.e cove ry : Fe 

Al Cu, etc. 
Glass 
Paper fib re 






CEA 
Eco Fuel 

Dry 

l/'l 

5 to 9 



OXY 
(Ga rrct) 

Dry/Uet 

1/2 



Union 
Electric 

D-y 

I 



n to I'l 7 t-) j't 

(18 .1 V . ) 



B 1 iick C 1 jwson 
Wet 
\ 
10 to \2 

Fi bre Pellets 



Ib/cu. ft. 


30 


BTU/lb 


7500 to 
8000 




¥»1 




¥*i 




■VMS 




M0 



10 



6300 



Yes 
Yes 

Yes 
No 



3 ti 63 
(27 avt,.) 

37 to 68 

2300 to 

7630 

(5000 avg) 

Yes 
Partial 
Pa rt I al 

No 



50 

29 

<(200 



20 

30 
6700 



Raw MSW 




15 Co 'lO 1 to 5 
(18 typ.) 



Coal" 
Dry /V/e t 

I 
3 to 15 



20 to kO ^(5 to 65 2 to 20 



25 to 35 15 to 25 ^0 to 5?) 
3500 to iiOOO to 1 ) ,000 to 

5500 5500 15,000 



Yes 
Yes 
Yes 
Yes 




APPEND! X 6 

AMORTIZED COST OF CAPITAL 

The amortized cost of capital for any specific installation 
fs dependent on a number of parameters. For analysis the 
following factors are assumed: 

1. S10 million capital financed by 60 percent debt and 

kO percent equity. 

2. Debt interest at 11.5 percent with principal due in 
three equal installments at 5, 10 and 15 years. 

3. Capital cose allowance 20 percent. It is assumed that 
almost the total investment would fall in Class 8- 

k. Corporate tax rate 50 percent. 

5. The firm has other profitable operations so that full 
allowable capital cost alIov-/ance can be taken during 
initial years of operation to produce a corporate 
tax credit. 

6. Project life 15 years. 

7. Return on investment is calculated on a discounted 
cash flow bas is ( DCF) . 

In Table A6-1, it is assumed that the amortized cost of 
capital is 15 percent of the capital investment. That is, 
a competitive transfer price for fuel produced by the 



envirocDn 



facility must provide for an annual contribution to capital 
(debt servicing and return on equity investment) of 15 
percent of the capital cost. 

Using these a 5 s um? t i on 5 , the DCF return on equity investment 
is estimated a: 13-5 percent. This is likely not an accept- 
able level for most firms, however, the analysis does not 
provide for fuei costs increasing on rea] terms relative 
to other cos ts . 

For preliminary analysis, an amortized cost of capital of 

15 percent is considered reasonable. 
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TABLE A6-1 

CASH FLOW ANALYSIS ($ MILLIONS) 



Year 



Aroor 1 1 zed 
Cost of 

Capital 



Debt 

I n tc res t 

(1 I.5Z) 



Debt 
Principal 
Re C i renicn t 



CCA 
(70*) 



Tax.'ib '.c 

I nrOBic 



Corp. 
Tax 



Cash 

Flow 



C un. 
C ii s h r 1 ow 



Present 
Val iiK 
(15S) 



Present 
( \2%) 



1 
2 
3 
k 
5 
6 
7 
6 
9 

10 
1 ) 
12 
13 
III 
15 



l.SO 
1.50 
1.50 
1.50 
1.50 
1.50 
1.50 
t.50 
1,50 
l.SO 
1.50 
1.50 
1. 50 
l.SO 
1.50 



.6$ 
.69 
.69 
.69 
.69 
,k6 
.46 
.%6 
.46 
.46 
.« 
.33 
.13 
.13 
.23 



2.00 



2.00 



2.00 



2.00 
1 .60 

1 . :8 

1.02 
.92 
.65 
.52 
.kl 
,3* 
.27 
.21 
.17 
.Xk 
.n 
.09 



('.19> 
( .73) 
( -I*?) 

( .21) 



.39 
. 52 
.62 
. 70 
.77 
.06 
. 10 
. 13 
. 16 
.13 



.60) 
. 1*0) 
.21.) 

. 10) 

.20 
.26 
.31 
.35 
.39 
.53 
.55 
.57 
.58 
.59 



1.(.1 

1.21 

1 .05 

.'J I 

(1-19) 

.SJi 

• 78 

- 73 

-69 

(1.35) 

.72 
.70 
.69 
(1.32) 



l.'il 
2.62 
3.67 
ii.58 



39 
23 
01 

7'. 
'•3 
08 
82 



7.2'* 
7.93 
6.61 



( 



1.23 
.91 
.69 

.52 

.59) 

36 

.29 

.20 
33) 
, 16 
. 13 
.11 
. VO 
.16) 



1.26 
.96 
- 75 
.57 
( .67) 
.'»3 
. 35 
.29 
.25 

( .M) 

.2 I 

. 19 
. 16 
. 11. 
( .2M 



Tota 1 s 



22. 50 



6.90 



6.00 



^.ek 



5.97 



2.99 



6.61 



3.86' 



it. 22 



TD Solid waste for Industrial fuel / 

796.2 -,co^n 

.E58 ^^840 
1976 



